{110}, {212}, and type two (irrational) twin planes with rational shear directions in [011] and [110]. SIMS U-ThPb analyses of the plastically deformed parent domains reveal discordant age arrays, where discordance scales with increasing plastic strain. The correlation between discordance and strain is likely a result of the formation of fast diffusion pathways during the shock event. Neoblasts in granular monazite domains are strain-free, having grown during the impact events via consumption of strained parent grains. Neoblastic monazite from the Inlandsee leucogranofels at Vredefort records a 207 Pb/ 206 Pb age of 2010 ± 15 Ma (2σ, n = 9), consistent with previous impact age estimates of 2020 Ma. Neoblastic monazite from Araguainha impact melt yield a Concordia age of 259 ± 5 Ma (2σ, n = 7), which is consistent with previous impact age estimates of 255 ± 3 Ma. Our results demonstrate that targeting discrete microstructural domains in shocked monazite, as identified through orientation mapping, for in situ U-Th-Pb analysis can date impact-related deformation. Monazite is, therefore, one of the few high-temperature geochronometers that can be used for accurate and precise dating of meteorite impacts.
Introduction
Impact cratering is one of the most ubiquitous processes in the solar system (French and Koeberl 2010) . Because terrestrial impact craters form basins that are subject to erosion, burial and destruction by plate tectonic activity, the record of meteorite impacts on Earth is incomplete, limited to 190 confirmed structures (Earth Impact Database 2011).
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The majority of confirmed impact craters on Earth have poor age constraints due to the lack of suitable geochronometers (Jourdan et al. 2009 . As a consequence, fundamental questions regarding the connections between impact events and significant changes to both the lithosphere and biosphere remain unanswered. Shock deformation microstructures in minerals are one of a limited number of diagnostic criteria used to identify an impact event (French and Koeberl 2010) . Crystal-plastic deformation caused by shock metamorphism has been shown to reset U-Th-Pb systems in some minerals to the time of impact (Moser et al. 2009 (Moser et al. , 2011 Cavosie et al. 2015a) . It is, therefore, important to understand the effects of shock metamorphism on U-Th-Pb systematics to accurately date impact events (e.g. Moser et al. 2011) .
Monazite, (La,Ce,Th)PO 4 , is a common accessory phase that has been used as a tracer to study a variety of crustal processes due to the incorporation of U, Th, and other trace elements into its crystal structure (Catlos 2013) . Even though shocked monazite has been reported from a few impact environments (e.g. Schärer and Deutsch 1990) , recent advancements in electron backscatter diffraction (EBSD) mapping have permitted the systematic quantification of crystal-plastic deformation in monazite (e.g. Erickson et al. 2016a ). However, the effects of specific impact-related deformation microstructures on the U-Th-Pb systematics in monazite have not been evaluated. In this study, we use EBSD to document shock microstructures in monazite from both the Vredefort Dome (South Africa) and Araguainha (Brazil) impact structures. Discrete domains were then targeted for secondary ion mass spectrometery (SIMS) analysis to understand what effects these features have on the U-Th-Pb ages of shocked monazite, and to identify specific microstructures that yield accurate impact ages.
Shock deformation microstructures
Meteorite impacts generate extremely high pressures (10 s of GPa and greater) in target rocks over instantaneous time periods (ms-s; Melosh 1989) . The passage of the shock front through the target and impactor creates unique microstructural deformation, such as high-pressure phases, planar microstructures, and twins (French and Koeberl 2010) . Minerals with unique impact-related deformation are commonly referred to as shocked minerals (Langenhorst and Deutsch 2012) . The conditions required to develop shock deformation features vary with host mineral, and are best constrained for quartz. Quartz develops multiple sets of crystallographically controlled lamellae called planar deformation features (PDF) that form between 10 and 34 GPa. At higher pressures, quartz transforms to diaplectic SiO 2 , which may revert to stishovite or coesite during release of the shock pressures (Stöffler and Langenhorst 1994) . Of common accessory phases, zircon has the most well-constrained impact-related microstructures, which develop by 20 GPa (Leroux et al. 1999) . Deformation twins are ubiquitous in shocked zircon, and have been observed in both static diamond anvil cell experiments at 20 GPa (Morozova 2015) and a variety of impact environments (e.g. Moser et al. 2011; Timms et al. 2012; Erickson et al. 2013a) . At higher pressure, zircon transforms to the high-pressure polymorph reidite (Leroux et al. 1999; Wittmann et al. 2006; Reddy et al. 2015; Cavosie et al. 2015b; Erickson et al. 2017) , which occurs at or above 30 GPa in shock experiments (Kusaba et al. 1985; Leroux et al. 1999) . At more extreme shock conditions, zircon can develop granular texture (Bohor et al. 1993; Wittmann et al. 2006; Cavosie et al. 2015a Cavosie et al. , 2016 Timms et al. 2017) . Granular zircon with systematic misorientations of 90°/<110> and 65°/<110> likely result from recrystallization of reidite and zircon {112} twins, respectively, and can contain evidence of partial dissociation to ZrO 2 that requires extreme temperature excursions due to the impact event (Cavosie et al. 2016; Timms et al. 2017 ).
Deformation microstructures in monazite
A range of deformation-related microstructures have been reported in monazite, including mechanical twinning, lattice strain, and recrystallization. Monazite deformation twins in (100), (001), {120} and {122} have been produced in indentation experiments at ambient temperature and pressure and imaged by transmission electron microscopy (TEM) (Hay and Marshall 2003) . In tectonically deformed monazite, mechanical twins, crystal-plastic strain, and dynamically recrystallized neoblasts were identified by EBSD (Erickson et al. 2015) . Crystal-plastic deformation, including low-angle (<10°) subgrain boundaries, was predominantly accomplished by slip systems which result in misorientations about <010> and <101>, and sets of deformation twins were found in (100), (001), and {122} (Erickson et al. 2015) , which are the same twin orientations found in experimental studies (Hay and Marshall 2003) . In the tectonically deformed monazite grains, strain-free neoblasts nucleated within high-strain domains and consumed the parent monazite by grain boundary migration (Erickson et al. 2015) . Within the deformed monazite, the U-Th-Pb systematics were disturbed and variable age resetting was shown to correlate with plastic strain; the authors interpreted that Pb-loss was facilitated by formation of fast diffusion pathways during deformation (Erickson et al. 2015) . Nucleation and growth of neoblastic monazite was driven by strain energy within the deformed lattice. Neoblasts excluded inherited Pb, and record Neoproterozoic U-Pb ages consistent with the age of regional tectonometamorphism (Buick et al. 2010; Erickson et al. 2015) .
Naturally shocked monazite with planar fractures was first reported from the ca. 39 Ma, 23 km diameter, Haughton impact structure, Canada . Shock-deformed monazite with planar microstructures and granular textures have since been described in bedrock from the Vredefort Dome, South Africa (Moser 1997; Hart et al. 1999; Flowers et al. 2003 ) and the Araguainha impact crater, Brazil (Tohver et al. 2012; Silva et al. 2016) . Most prior studies documented microstructures using BSE images; however, lattice strain in the above examples has not been quantitatively characterized.
In addition to occurrences in bedrock, shocked monazite has also been identified in detrital populations derived from the Vredefort Dome (Cavosie et al. 2010, in press; Erickson et al. 2013b) . Monazite grains containing planar features were found within the Vaal River and its tributaries, which cross-cut the Vredefort Dome (Cavosie et al. 2010) , at sites up to 750 km downriver (Erickson et al. 2013b) , and in Pleistocene fluvial terraces of the Vaal River (Cavosie et al. in press) . Microstructural analysis of detrital shocked monazite by EBSD (Erickson et al. 2016a) identified a variety of deformation microstructures including sets of twins in up to 10 different orientations, planar deformation bands (PDBs) and neoblasts. Seven twin relationships were documented in the detrital shock monazite grains that have not been observed in tectonically deformed grains; these features have been attributed to shock deformation, and occur along with the twin types reported in tectonically deformed monazite (100), (001), and 122 (Erickson et al. 2016a) . Critically, the detrital shocked monazite grains contain zircon inclusions exhibiting {112} twins that require minimum shock pressures of 20 GPa, thus providing an empirical constraint on the shock features in the host monazite grains. Erickson et al. (2016a) Several studies have addressed the aspects of experimental shock deformation on microstructural and isotopic systematics of monazite. An experimental study by Deutsch and Schärer (1990) tested the effects of shock metamorphism on the U-Pb systematics by subjecting a monazite crystal to 59 GPa and temperatures >1200 °C followed by rapid cooling. While the experiment yielded monazite with significantly lower birefringence, intense mosaicism and sub-parallel fractures their Fig. 3b ), the authors found no significant disturbance to the U-Pb isotopic system. It has been noted that shock experiments may not represent the full range of shock deformation features found in nature Niihara et al. 2012) , given the timescales of experiments are orders-of-magnitude shorter than natural impact events. Other studies have analyzed the effects of the high-pressure shock wave caused by plasma expansion during femtosecond laser ablation analysis of monazite (Seydoux-Guillaume et al. 2010; D'Abzac et al. 2012) . Microstructural features observed within the region directly adjacent to the laser ablation pit include deformation twinning, crystalplasticity, mosaicism and the formation of micron-scale granules (Seydoux-Guillaume et al. 2010; D'Abzac et al. 2012) .
Naturally shocked monazite grains with planar microstructures from Vredefort bedrock (Flowers et al. 2003) and detritus (Erickson et al. 2013b ) were found to record pre-impact ages when analyzed by thermal ionization mass spectrometry (TIMS) and SIMS, respectively. However, monazite that has recrystallized during shocked metamorphism and yields impact ages has been reported at both the Vredefort Dome (Moser 1997) and Araguainha structures (Tohver et al. 2012) . Because deformation can variably reset the U-Pb systematics in monazite (Wawrzenitz et al. 2012; Erickson et al. 2015 Erickson et al. , 2016b , shock-deformed monazite may be a valuable impact chronometer. In this study, we analyzed monazite and zircon from the Inlandsee leucogranofels located in the central uplift of the Vredefort Dome and in impact melt from the Araguinha impact structure. The aim of this study is three-fold: first, to systematically characterize shock microstructures in monazite from these impact craters to compare shocked monazite from different impact environments ; second, constrain the shock conditions experienced by monazite through analysis of deformation microstructures in zircon from the same samples; third, to quantify the effects of shock deformation on U-Th-Pb ages in monazite with well-characterized microstructures from impact craters where the impact age has been independently constrained to rigorously evaluate the application of shocked monazite as an impact chronometer.
Geologic background and samples

Vredefort impact structure, South Africa
The Vredefort impact structure is a ca. 2020 Ma deeply eroded crater located within the Kaapvaal Craton in South Africa (Kamo et al. 1996; Gibson et al. 1997; Moser 1997) . The Vredefort Dome is the ~90-km-diameter erosional remains of the central uplift of the complex crater. The central uplift contains a complex internal structure consisting of a 40-km-diameter inner core, comprising the granulite facies Inlandsee leucogranofels (ILG) and the amphibolite facies Outer Granite Gneiss, and an outer collar which consists of a ~25-km-thick ring of over-turned Archean and Paleoproterozoic metasedimentary and metavolcanic rocks 11 Page 4 of 19 (Fig. 1a; Bischoff et al. 1999) . The outer ring creates a topographic high around the weathered granitiods and gneisses, from which the upper 8-11 km have been removed (Gibson et al. 1998) . Modeling of mineral indicators of impact pressures within the Vredefort Dome and structural studies of the surrounding Witwatersrand basin suggests that the transient crater was between 200 and 300 km wide (Ivanov 2005) and contained the entire Witwatersrand basin. The Vredefort Dome experienced post-impact, low-grade, metamorphism associated with emplacement of mafic intrusions at ca. 1000 Ma (Reimold et al. 2000) , which may have resulted in Pb-loss within some zircon grains at this time (Moser et al. 2011) .
The core of the Vredefort Dome comprises 3420-3000 Ma Archean granitoids, charnockitic gneiss, and supracrustal rocks metamorphosed at high regional grades in the Archean (Hart et al. 1999; Moser et al. 2001; Armstrong et al. 2006 ) that subsequently experienced pyroxene-hornfels metamorphism during the impact, where temperatures locally reached as high as 1300 °C (Gibson 2002) . Three occurrences of shocked monazite have been reported from Vredefort bedrock (Fig. 1a; Moser 1997; Hart et al. 1999; Flowers et al. 2003) . Shocked monazite that record pre-impact ages with partial Pb-loss were reported by Hart et al. (1999) from a granulite-facies garnetiferous paragneiss, near the center of the Vredefort Dome. Shocked monazite with cross-cutting planar microstructures within gneissic quartz monzonite near the granulite-amphibolite transition within the Vredefort Dome was dated by ID-TIMS by Flowers et al. (2003) . The U-Th-Pb analysis documented partial Pb-loss, defining an age array from 3180 to 2260 Ma. The authors interpreted upper intercepts to represent regional metamorphism associated with intrusions between 3130 and 3080 Ma (Flowers et al. 2003) . (1999) . The location of sample 09SA06 (this study) is the same as V58 (Moser 1997) . Other shocked monazite bedrock samples; G2 (Hart et al. 1999 ) and V55 (Flowers et al. 2003) , and detrital samples; 07VD0 (1, 5, 7 & 8) , 09VD58 (Cavosie et al. 2010; Erickson et al. 2013b; 2016a, b) are also marked. Shock pressure isobars are taken from Gibson and Reimold (2005) . b Simplified bedrock map of the Araguainha impact structure, Brazil, modified from Lana et al. (2007) with the location of sample ARA (this study), impact melt collected from within the central uplift Monazite with granular texture from the ILG, located at the center of the Vrededort Dome, record complete isotopic age resetting (Moser 1997) . The ILG (Stepto 1990 ) is composed of a sequence of felsic high-grade metamorphosed, migmatitic Archean TTG, enderbite and charnockite (Flowers et al. 2003) , all thermally recrystallized by the shock event (Gibson and Reimold 2005) . Two granular monazite grains dated by ID-TIMS (Moser 1997) yielded 207 Pb/ 206 Pb ages of 2090 ± 4 (2σ), and 2016 ± 7 (2σ), the latter of which is within error of impact-generated zircon at Vredefort (Kamo et al. 1996; Gibson et al. 1997; Moser 1997) . Zircon from the same ILG sample yielded a discordant U-Pb array, with an upper intercept of 3290 Ma and lower intercept of ca. 2020 Ma (Moser 1997) . Moser et al. (2011) analyzed shocked zircon from the ILG using EBSD. The authors identified low-angle boundaries, shock twins and sub-planar fractures. U-Pb SIMS analysis of the ILG zircon displayed a discordant array, from which three of four analyses spread between 3471 ± 61 Ma and 2020 Ma (Moser et al. 2011) . A sample of ILG foliated felsic gneiss, 09SA06 (Fig. 1a) , was selected for analysis by EBSD and SIMS because monazite grains reported from the ILG show significant recrystallization textures (Moser 1997) , the zircon grains preserve shock twinning and plastic deformation (Moser et al. 2011) , and variable resetting of the U-Th-Pb systems was detected between the two phases.
Araguainha impact structure, Brazil
The ca. 255 Ma Araguainha impact structure is a ~40-kmdiameter complex crater located within the Paraná Basin of central Brazil (Tohver et al. 2012) . The impact punctured 1500-1800 m thick Permian to Devonian stratigraphy of the Paraná Basin, exposing Cambrian granitic basement within the ~5-km-diameter central uplift (Fig. 1b; Lana et al. 2007 Lana et al. , 2008 Tohver et al. 2012) . The Araguainha granite is a pink, coarse-grained monzo-syenogranite, with a crystallization age of 510 ± 12 Ma (Tohver et al. 2012 ). The granite is cross-cut by an impact melt-bearing, polymictic breccia, or suevite (Engelhardt et al. 1992) , dominantly derived from the local granite (Machado et al. 2009; Tohver et al. 2012) .
Shock-deformed monazite grains have been identified within shocked Araguainha granite, partially melted granite, suevite, and within melt sheet/veins in the central uplift (Tohver et al. 2012; Silva et al. 2016) . Monazite grains from shocked granite show cross-cutting, double-walled, planar features (Silva et al. 2016) , that appear consistent with shock twins reported elsewhere (cf. Erickson et al. 2016a) . In partially melted granite, monazite grains show an annealed texture, consistent with dynamic recrystallization (Silva et al. 2016) . Within Araguainha impact melt, Silva et al. (2016) identified multiple textures within the monazite grains, including planar features, annealed polycrystalline aggregates, and a distinctive cataclastic microstructure.
Two types of shock features were identified within monazite from the impact melt rock of Tohver et al. (2012) , including planar fractures and 'granular aggregates'. Planar fractures display trails of inclusions crosscutting the monazite in polished section, while aggregates of 'neocrystallized' monazite granules display curved boundaries and form triple junctions (Tohver et al. 2012; their Fig. 6 ). Shocked monazite grains were dated by Tohver et al. (2012) and show a bimodal age distribution, with ages spread between ca. 500 and 250 Ma, which the authors interpreted as representing both inherited deformed monazite and impact-generated recrystallized monazite. Domains containing planar microstructure record the oldest ages, which range from ca. 498 to ca. 350 Ma. The population of monazite made up of aggregates of neocrystalline granules records an U-Th-Pb age of 255 ± 3 Ma, which the authors interpreted as the age of the Araguainha impact (Tohver et al. 2012 ). Due to the complex microstructures exhibited by the shocked monazite from Araguainha impact melt (AIM) sample of Tohver et al. (2012) and their bimodal age distribution, we selected this sample for EBSD and further SIMS analysis.
Methods
Monazite and zircon were separated from ILG sample 09SA06 (27°2.870′S, 27°29.603′E) and from AIM sample ARA (16°49.329′S, 53°0.150′W) of Tohver et al. (2012) . Monazite and zircon were analyzed by EBSD using previously established approaches (Reddy et al. 2007; Erickson et al. 2015) . Scanning electron microscopy, including EBSD analysis, was undertaken with a Tescan Mira3 Field emission gun scanning electron microscope within the John de Laeter Centre (JDLC) at Curtin University. For further details on the methodologies see Appendix 1. Additional EBSD maps for zircon and monazite from 09SA06 and ARA can be found in appendices 2-5, respectively. U-Th-Pb SIMS analysis of shocked monazite grains was undertaken with a SHRIMP II housed within the JDLC after the methods of (Fletcher et al. 2010 ); see appendix 1 for more details. The cumulative crystal-plastic misorientation within each SIMS analytical domain was calculated from the equivalent region of the EBSD maps (e.g. Figs. 2c, 4c) as the grain orientation spread (GOS and GOS avg.); for further details on this calculation see Appendix 1. Element maps of monazite grains were acquired using a Cameca SXFive electron probe microanalyzer (EPMA) at Adelaide Microscopy at the University of Adelaide (see Appendix 1).
Results
Orientation maps of eight monazite and four zircon grains from sample 09SA06 from the Vredefort ILG were made using EBSD. An additional 11 monazite and three zircon grains were analyzed from sample ARA from the Araguainha impact melt. Monazite and zircon microstructures are summarized below. Also, U-Th-Pb analyses Pb/ 206 Pb age measurements are marked for each spot. Apatite inclusions in grain 3 are marked A. c EBSD grain misorientation map, which helps visualize the substructure of the grains by plotting the misorientation angle of each pixel from the mean grain orientation. Each SIMS spot is labeled with the calculated average grain orientation spread (GOS avg.) for each subdomain, see text for details of the calculation. Grain boundaries are defined by misorientation threshold of >10°. Blue domains are low strain, while warm colors represent higher degrees of misorientation. Additionally, boundaries between adjacent pixels are color-coded if they matched a specific misorientation axis and angle pair, within 5°, such as a known twin misorientation. d Electron microprobe analyzer (EPMA) maps of Th Mα intensity, with measured Th concentrations (in ppm) for each SIMS spot. e Pole figures of monazite (010) colored with an all Euler scheme. Grain 3 is a shocked monazite which has completely converted to neoblasts by dynamic recrystallization. Monazite grains 7 and 8 contain both domains dominated by plastic strain and deformation twins and domains with low-strain neoblasts targeting specific microstructural domains for monazite grains from both samples are reported in Tables 1 and 2 .
Vredefort ILG-monazite microstructures
Monazite grains from the ILG contain multiple types of microstructure, including crystal-plastic strain, deformation twinning and randomly oriented, low-strain subdomains. The grains are variably complex, from being dominated by crystal-plastic strain with a combination of low-angle boundaries and deformation twins (e.g. Grain 8, Fig. 2) , to dominated by randomly oriented subdomains (e.g. Grain 3, Fig. 2 ), or a combination of both microstructural types (e.g. Grain 7, Fig. 2 ). Four monazite grains contain deformation twins, which occur in up to two orientations per grain, with the following minimum misorientation relationships (as angle/ axis pairs) from the host grain; 180°/<101>, 95°/<201> and 150°/< 101 >, which are consistent with twins in 101 , 122 and {212}, respectively (Erickson et al. 2016a ). Grain 3 is composed entirely of strain-free subdomains, which range between 68.6 and 1.7 µm diameter (mean = 17.5 µm). Elemental maps for Th reveal complex zonation textures; within the high-strain domains, the grains preserve either concentric (grain 8) or patchy zonation (grain 7), while some of the strain-free subdomains preserve sector zoning patterns (grain 3, Fig. 2d ).
The eight ILG monazite grains contain a variety of intergrowths and/or inclusions, including both zircon (2 of 8) and apatite (5 of 8) grains. The apatite inclusions occur within both crystal-plastically strained domains (e.g. grain 1, appendix 2) and within low-strain subdomains (e.g. grain 3, Fig. 2 ) of the monazite grains, and, therefore, predate shock deformation. Two monazite grains also contain zircon inclusions (grains 1, 4, appendix 2), which record minor degrees of crystal-plastic strain, but no features diagnostic of shock deformation (cf., Erickson et al. 2016a ).
Vredefort ILG-zircon microstructures
Cathodoluminescence (CL) images of zircon from the ILG reveal dark, concentrically zoned cores, and bright sector zoned rims (Fig. 3a) . Lamellae that are bright in CL also cross-cut growth zoning, which is especially evident in the CL dark cores. All four zircon grains mapped by EBSD contain twin lamellae that are misoriented 65°/<110> with the host grain, and align with the bright CL lamellae (appendix 3). However, the localized bright CL sections of some lamellae are in the crystallographic orientation of the parent grain, rather than preserving a twin orientation (Fig. 3a, c) .
Araguainha impact melt-monazite microstructures
Shock-deformed monazite grains within the AIM contain similar microstructures to the ILG monazite, including crystal-plastic strain, deformation twinning and strain-free domains. Of eleven grains analyzed by EBSD, all contain crystal-plastically strained domains with sub-planar lowangle boundaries (e.g. grains 10, 11, Fig. 4) . The grains each contain between 1 and 4 sets of deformation twins with the following minimum misorientation relationships; 180°/<100>, 180°/<001>, 180°/<101>, 94°/<001>, 150°/< 101 >, 85°/<401> and 91°/<104>. The twins are consistent with known monazite twin orientations observed at the Vredefort Dome; compound twin planes in (001), (100), 101 , type 1 (rational) twin planes in {110}, {212} and type two (irrational) twin planes with rational shear directions (η1) in [011] and [110], respectively (Erickson et al. 2016a ). Many shock twins are discontinuous, and have irregular, non-planar interfaces but fall along linear traces (Fig. 5b) . Ten of the eleven monazite grains also contain strain-free domains, which are randomly oriented relative to the strained parent grains, and range in diameter between 24.5 and 1.0 µm, with a mean diameter of 8.0 µm (Figs. 4, 5 ). Elemental maps of Th reveal concentric or sector zonation patterns, which are moderately overprinted by a patchy texture (Fig. 4d) . In grain 10, the strain-free, randomly oriented domains, correspond with the zone of highest Th concentrations in the grain; however, other grains do not show this pattern. Only one of the analyzed shocked monazite grains from Araguainha contains a zircon inclusion (~10 µm), which preserves a polycrystalline microstructure (granular texture) similar to that described in Cavosie et al. (2016) .
Araguainha impact melt-zircon microstructures
Three shocked zircon grains from the AIM contain a variety of both crystal-plastic and recrystallization textures. The zircon grains contain {100} PDBs, a {112} twin lamella in one grain, and granular texture (appendix 5). The most complex zircon analyzed (Fig. 6 ) contains a crystal-plastically strained parent grain and misoriented subdomains. The subdomains include areas that are systematically misoriented from the parent grain with 65°/<110> or 90°/<110> relationships, and also neoblasts that are randomly oriented (Fig. 6b-e) . The neoblasts range between 1.0 and 6.9 µm in diameter (mean equivalent circle diameter = 1.8 µm).
Monazite in situ U-Th-Pb geochronology
A total of 19 SIMS analytical spots were collected from three monazite grains from the ILG sample 09SA06; seven analyses from grain 3, six from grain 7 and six from grain 8. Eight analyses were obtained from crystal-plastically strained domains in grains 7 and 8, while eleven were acquired from low-strain subdomains (Grain orientation spread, GOS Avg., <0.9°) in all three grains (Fig. 2b) . Apparent ages from ILG monazite show a bimodal age distribution (Fig. 7a) (Fig. 7b) . The analyses show a relationship between U-Th discordance and common Pb as estimated based on measured 204 Pb (Fig. 7b) . Nevertheless, the nine most concordant analyses, (all <7.5% discordant) yield a weighted mean 207 Pb/ 206 Pb date of 2010 ± 15 (2σ, n = 9, MSWD = 0.84). A total of 14 SIMS analytical spots were collected from two monazite grains from the Araguainha impact melt rock, ARA. Four spots were collected from grain 10 and ten spots from grain 11. Of the fourteen analytical spots, seven were acquired from crystal-plastically strained domains and seven were acquired from strain-free (grain orientation spread, GOS, <0.3°) subdomains (Fig. 8a, b) . The data define a bimodal age distribution along concordia.
Plastically strained domains have apparent 206 Pb/ 238 U ages ranging from 467 ± 12 to 278 ± 14 Ma, with the three oldest ages originating from the least strained portions of the parent grains (Fig. 8) (Fig. 8) . Analyses from strain-free subdomains yield a concordia age of 259 ± 5 Ma (2σ, n = 7, MSWD = 1.3). However, if the analyses from grain 11, which contains less common Pb and has better agreement between the U-Th systematics than those from grain 10, are solely considered, they yield a concordia age of 262 ± 3 (2σ, n = 5, MSWD = 0.88).
Discussion
Impact-related microstructures in monazite: twinning, PDBs, neoblasts
In both samples, monazite grains contain a combination of domains which are crystal-plastically strained, and domains that are randomly oriented and strain-free. The crystalplastically strained domains preserve a combination of cumulative strain across the grain accommodated by lowangle grain boundaries, consistent with dislocation creep. The presence of deformation twins in strained domains from both samples is further evidence for crystal-plastic deformation. Twins found in both samples, including 101 and {212} in the ILG monazite, and 101 ,{110}, {212}, and two type two (irrational) twin planes (with rational shear directions (η1) in [011] and [110]) in the Araguainha grains, are diagnostic of shock metamorphism (Erickson et al. 2016a) . The difference in shock-twin types and abundances between the ILG and the AIM monazite grains may be a result of variable shock environments; further work is required to constrain the conditions of formation for specific twin orientations in monazite. Monazite grains from Araguainha impact melt contain abundant planar microstructures composed of low-angle boundaries that accommodate as much as 11° of misorientation (e.g. Araguainha grain 7, appendix 4). The planar microstructures are consistent with PDBs described in detrital shocked monazite derived from the Vredefort Fig. 4 Shock-deformed monazite from sample ARA from the Araguainha melt rock. a BSE atomic number contrast images of the shocked monazite grains, the location of each SIMS U-Th-Pb analytical spot is marked on grains 10 and 11. b EBSD crystallographic orientation map, colored with an all Euler scheme, SIMS 207 Pb/ 206 Pb age measurements are marked for each spot. c EBSD grain misorientation map, which helps visualize the substructure of the grains by plotting each deviation angle of each pixel from the mean grain orientation, grain boundaries are defined as >10°. Blue domains are low strain, while warm colors represent higher degrees of misorientaiton, each SIMS spot is labeled with the calculated grain orientation spread (GOS) for the area of each analytical spot, see text for details of the calculation, uncalculated (uncalc.) values are from spots which crossed high-angle grain boundaries. Boundaries between adjacent pixels are also color-coded if they matched a specific misorientation axis and angle pair, within 5°, such as a known twin misorientation, a shocked zircon inclusion within grain 6 is colored with an IPF z scheme. d EPMA Th Mα intensity maps, with measured Th concentrations (in ppm) for each SIMS spot. e Pole figures of monazite (010) colored with an all Euler scheme. Shock-deformed monazite grain (10) exhibits a combination of strained parent domains, including a high concentration of planar deformation bands (PDBs), and strainfree neoblasts. Monazite grain (11) in which the inner core of the grain has recrystallized to strain-free neoblasts and the other domains of the grain preserve PDBs and shock twins. Shock-deformed monazite (grain 6), which preserves PDBs, deformation twins, and a shocked zircon inclusion Dome (Erickson et al. 2016a ). In addition to PDBs, the AIM monazite grains contain sub-planar, low-angle boundary microstructures, along which occur trails of non-indexing (by EBSD), lower mean atomic number material that is darker in BSE images (e.g. Fig. 5a ). The sub-planar trails appear similar to features described in zircon from the Vredefort Dome by Moser et al. (2011) , which the authors interpreted as channels of injected melt. Fig. 5 High-resolution EBSD maps of regions of interest from shock-deformed monazite from sample ARA. BSE atomic number contrast images of each area of interest, with an inlaid CL image of the zircon inclusion from grain 6. EBSD crystallographic orientation maps colored with an all Euler scheme. EBSD grain misorientation maps, which help visualize the substructure of the grains by plotting the deviation angle of each pixel from the mean grain orientation, grain boundaries are defined as >10°. Blue domains are low strains, while warm colors represent higher degrees of misorientation. The boundaries between adjacent pixels are color-coded if they matched a specific misorientation axis and angle pair, within 5°, such as a known twin misorientation. The shocked zircon inclusion is colored with an IPF z scheme. a Shock-deformed grain (10), with high-strain domains which are remnants of the host grain and low-strain neoblasts, many of which are found in orientations close to known deformation twins. Curved arrows point to some of the melt-bearing sub-planar fractures within the monazite. b Region of interest form grain 11, showing a combination of shock twins, high-strain PDBs and strain-free neoblasts. c A region of interest from grain 6, which contains a shocked zircon inclusion. Along the edge of the zircon, two domains (light-blue to purple in IPF z ) which contain plastic strain, are remnants of the parent grain, while four domains (dark blue, royal blue, yellow and green in IPF z ), which are unstrained, and non-systematically misoriented from one another, are neoblastic. Note the pole figure inlay for the orientation relationships within the zircon inclusion Monazite from both the ILG and the AIM contain randomly oriented subdomains which are either low-strain (ILG) or strain-free (AIM) and are highly misoriented relative to the host grain. We interpret these as neoblastic monazite formed by recrystallization (Erickson et al. 2015) . Monazite neoblasts nucleate on deformation features, such as grain boundaries, within the strained parent monazite, indicating that stored strain energy has a key role in effectively lowering energy required to overcome the energy barrier for nucleation and growth of new grains via grain boundary migration. Through this process, newly grown, strain-free monazite grains are bounded by high-angle grain boundaries relative to parent monazite. Also, many of the neoblasts share specific crystallographic misorientation relationships with the host monazite that are consistent with known twin orientations for monazite (e.g. Figs. 4, 5a) . The systematic orientations of monazite neoblasts, therefore, suggest that monazite neoblasts preferentially nucleate in orientations that minimize the host-neoblast interfacial energy, including syntaxially from pre-existing twins and host orientations. The formation of monazite neoblasts by dynamic recrystallization is not unique to shock metamorphism; similar neoblastic monazite has been shown to form in deformed rocks from the lower crust, in which, deformation occurs at high temperatures (Erickson et al. 2015) . This process forms new monazite, free of inherited Pb, that can be used to date high-temperature deformation of the lower crust (Erickson et al. 2015) .
We interpret the formation mechanism of neoblastic monazite during impact events to be similar to those in tectonic settings, and may not require hypervelocity shock pressures. The process of cannibalization of the host grain requires both strained lattice (as a result of shock) and high temperature to facilitate neoblast nucleation and growth, conditions present immediately after dissipation of the shock wave while post-shock temperatures are high. Monazite from the ILG experienced postshock temperatures as high as 1300 °C (Gibson 2002) . and special boundary whole grain map of the shocked zircon, the plastically strained parent orientation is colored yellow to green. c, d High-resolution region of interest maps of domains with a high abundance of shock recrystallized zircon granules. Note that many of the granules have systematic grain boundaries of either 65°/<110> or 90°/<110>, which are consistent with granules which have formed from either shock {112} zircon twins or the reversion of high-pressure ZrSiO 4 polymorph reidite, respectively (Cavosie et al. 2016 ). e Pole figures of (001) and {110}, showing the systematic misorientation of the neoblastic domains, consistent with formation from either zircon shock twins or reversion from reidite
IPF Z zircon
Monazite grains from Araguainha were entrained within impact melt; while the formation temperature is unconstrained, at minimum, it would have been above the Araguainha granite liquidus (i.e., >700 °C), and likely much hotter, because impact melts can be superheated and reach temperatures >2000 °C (Grieve et al. 1977; Timms et al. 2017) . Cooling rates from high post-shock temperatures are anticipated to occur over timescales within uncertainty of quantitative in situ SIMS U-Th-Pb dating, and therefore, the conditions which form neoblasts can be considered to be contemporaneous with impact shock events.
Constraints on shock conditions
Analysis of shock microstructures within zircon from the two samples allows evaluation of the P-T conditions experienced by shocked monazite (e.g. Erickson et al. 2016a ). In the case of the ILG, the post-shock >1000 °C thermal pulse associated with granofels metamorphism (Gibson 2002) , has erased the shock features in many of the major phases (e.g. PDFs in quartz); however, it has been estimated that the central part of the Vredefort Dome experienced shock pressure >30 GPa (Gibson Fig. 8 U-Pb data for shocked monazite from sample ARA from the Araguainha melt rocks. a Tera-Wasserburg concordia diagram of all analyses, the spots are color-coded to misorientation (as grain orientation spread, GOS) calculated within the analytical area of each spot from the EBSD data. Purple analyses were uncalculated (uncalc.) because the spot crossed a grain boundary (see appendix 1 for method). b Tera-Wasserburg concordia diagram for neoblastic domains from grain 11 (green spots) and grain 10 (red spots) of this study and the youngest subgroup of Tohver et al. (2012) (green spots) . Based on the textural evidence and the concordance of the analyses from grain 11, an impact age of 262 ± 3 Ma is proposed. All error ellipses are 2σ and Reimold 2005) . The analyzed ILG zircon grains all contain {112} shock twins, a diagnostic shock microstructure (e.g. Moser et al. 2011; Timms et al. 2012, in press; Erickson et al. 2013a; Montalvo et al. 2017) , which has been constrained to form by 20 GPa in both shock (Leroux et al. 1999 ) and static (Morozova 2015) experiments. Within partially metamict, dark CL cores in some domains of ILG zircon grains, cross-cutting, CL bright lamellae lie along the trace of indexed {112} twins on the polished surface. However, the bright lamellae share the crystallographic orientation of the parent grains and yield higher quality diffraction patterns compared to the CL dark core (Fig. 3) . The bright lamellae are interpreted to be {112} shock twins that annealed back to the host zircon orientation. The core domains, therefore, preserve evidence of the former presence of the shock microstructures that were annealed after the shock pulse, either by high post-shock temperatures (cf. Gibson 2002; Timms et al. 2012) or subsequent tecotonometamorphic activity (Moser et al. 2011) .
The provenance of the shocked monazite xenocrysts within AIM is more obscure. The impact melt is derived locally from adjacent basement granite (Silva et al. 2016) which is supported by the similar microstructural character of all analyzed monazite grains. Shocked zircon grains from Araguainha contain granular microstructure (cf. Bohor et al. 1993) , which has been interpreted to form at higher impact pressures, after the formation of twins or transformation to reidite (Wittmann et al. 2006) . Formation conditions of granular zircon are not experimentally calibrated and are, thus, poorly constrained; metamictization of the lattice could lower the P-T requirements for the formation of granular zircon. Systematic misorientation relationships between the neoblasts and shocked host (Fig. 6 ) are consistent with granular texture formation after twinning and reidite transformation (cf. Cavosie et al. 2016; Timms et al. 2017) . Shock-generated reidite, from both experimental and natural studies, forms a systematic inter-crystalline misorientation relationship with the parent zircon, by which <110> zircon and <110> reidite are aligned and [001] zircon is aligned with the conjugate <110> reidite (Leroux et al. 1999; Reddy et al. 2015; Cavosie et al. 2015b; Erickson et al. 2017) . It is, therefore, predicted that reversion of reidite to zircon produces domains with systematic 90°/<110> misorientation with the original host zircon orientation (Cavosie et al. 2016; Erickson et al. 2017; Timms et al. 2017) . Thus, evidence for the former presence of reidite requires that the rocks achieved minimum shock pressure conditions of 30 GPa, based on shock experiments (Kusaba et al. 1985; Leroux et al. 1999) . Because metamictization of zircon crystal structure inhibits the formation of reidite (Lang et al. 2008; Erickson et al. 2017; Timms et al. in press) , the systematically misoriented granules, therefore, require the pre-existing zircon to have been crystalline, which supports our interpreted shock pressure.
Shocked monazite as an impact chronometer
These results show that determining the age of a shock event from deformed monazite is possible thorough characterization of specific microstructures that can be correlated to in situ U-Th-Pb ages. All analyses from strained domains at both sites are >10% discordant between the 207 Pb/ 206 Pb and 206 Pb/ 238 U systems. Ages from strained domains of the ILG range from 2537 to 2386 Ma; however, a regression from known age of the Vredefort impact, 2020 Ma, does not result in a meaningful upper intercept that corresponds to a known age for the basement of the Vredefort Dome. These results suggest that there is variable mobility of U, Th and radiogenic Pb during shock deformation (Fig. 9a) . If correct, the implication is that shock deformation enhances the migration of both substitutional and interstitial ions. Partial age resetting resulting from the formation and migration of fast diffusion pathways created during the shock event may have resulted in a significant discordia array; subsequent deformation within the Kaapvaal Craton and/or modern Pb-loss has further modified the measured ages. Likewise, age data from shock-deformed monazite from bedrock of the Vredefort Dome (Flowers et al. 2003) , and Vredefort-sourced detrital shocked monazite (Erickson et al. 2013b) , that are dominated by lamellar microstructures, which we here interpret to be deformation twins, record ages from ca. 3180 to ca. 2157 Ma, and often do not represent meaningful geologic ages.
The Paleozoic age of the basement and impact event of the Araguainha structure (Tohver et al. 2012 ) complicates use of the 207 Pb/ 235 U system; however, 206 Pb/ 238 U ages from strained domains within Araguainha monazite range from 467 to 278 Ma. Measuring strain by EBSD from the area of the SHRIMP analytical spot reveals that the three oldest ages recorded in the AIM are preserved in the least strained domains of the parent grains (Fig. 8a) . We, therefore, interpret the age spread within the U-Th-Pb systematics from the strained host domains to represent partial Pbloss and mobility of U and Th as a result of fast diffusion pathways formed during the shock event. The subsequent reactivation of these hypothesized pathways by later deformation in the case of the ILG did not occur in grains from Araguainha.
The results of this study demonstrate that in situ analysis of shock-produced neoblastic monazite by SIMS can be used to date impact events. Neoblastic monazite domains from the ILG and AIM both yield concordant, young U-Pb ages, consistent with the age of the impact events constrained by independent means. The process of neoblast growth, therefore, occurs free of inherited radiogenic Pb from the parent grain. Analyses of neoblastic monazite from the ILG are less than 10% discordant between the 207 Pb/ 206 Pb and 206 Pb/ 238 U systems, and the nine most concordant analyses record a weighted mean 207 Pb/ 206 Pb age of 2010 ± 15 Ma (MSWD = 0.84), within error of the 2020 Ma Vredefort impact event based on zircon from impact melt and recrystallized zircon (Kamo et al. 1996; Gibson et al. 1997; Moser 1997 (Fig. 9) . Minor discordance within neoblastic domains from the ILG monazite is likely due to subsequent tectonic events in the Kaapvaal Craton after the Vredefort impact event. Deformation after the shock event at the Vredefort Dome has likely annealed some of the shock features within zircon from the ILG (e.g. Fig. 3) , and has been shown to partially reset the U-Pb isotopic system in zircon from the ILG at ca. 1100 Ma (Moser et al. 2011) , the age of mafic intrusions within the Kaapvaal (Reimold et al. 2000) . Consideration of the subsequent geologic events is, therefore, also important when interpreting the age data from complex monazite grains, as they may cause partial resetting due to Pb mobility. In the case of the ILG, the post-shock deformation not only reactivated suspected fast diffusion pathways in the deformed parent domains but also caused minor Pb-loss within the neoblasts.
Neoblasts from AIM yield a concordia age of 259 ± 5 Ma (MSWD = 1.3), which is within error of the age of 255 ± 3 Ma reported by Tohver et al. (2012) . However, if only analyses from grain 11 are considered, all of which are within uncertainty of concordia and have the lowest measured common Pb (<5% F 206 Pb %), they yield a slightly older and more precise age of 262 ± 3 Ma (MSWD = 0.88). The data from grain 10, which have been omitted, are from analytical spots on or near cracks and have the greatest measured common Pb and discordance between the U and Th systematics. Therefore, we suggest that the age of the Araguainha impact structure may be 262 ± 3 Ma, which is slightly older than the 255 ± 3 Ma determined previously, and highlight that further, careful analyses of neoblastic monazite domains could help to resolve the discrepancy.
Formation of neoblastic domains within monazite during shock appears to be a recrystallization process, whereby new monazite nucleates within the shock-deformed and strained lattice of the host and consumes the deformed lattice through the process of grain boundary migration. Similar deformation mechanisms have been identified in deformed monazite from the lower crust (Erickson et al. 2015) , in zircon that has been tectonically strained (Piazolo et al. 2012 ) and shock-deformed (Cavosie et al. 2015a ; Pb age is consistent with the Vredefort shock event, the U-Th systematics are significantly disturbed postshock, however evenly, either the result of Kibaran regional metamorphism or modern Pb-loss. The post-impact disturbance may have significantly affected the systematics of the deformed host as well. b Disequilibrium between the U-Th systematics within the deformed host domains from the Araguainha impact structure is significant, while the systematics of the neoblasts are in agreement with one another, potentially due to the lack of post-shock deformation. All error bars are 2σ Timms et al. 2017 ) and in shocked baddeleyite (Darling et al. 2016) . During the growth of neoblasts, incompatible ions are not incorporated into the newly formed lattice, and thus, the shock event and associated high temperature pulse set the age of the neoblasts.
Results from both the ILG and AIM highlight the value in directly linking quantitative microstructural analyses with in situ geochronologic analyses in shocked monazite to directly date impact structures, which is often challenging (Jourdan et al. 2009 . Results from the Vredefort Dome also highlight the benefit of monazite, relative to other geochronometers, in terranes which have experienced subsequent geologic complexity. This is highlighted by the fact that although there is a ca. 1100 Ma overprint within the Vredefort Dome (Moser et al. 2011) , the impact age is recorded in neoblastic domains from the ILG monazite. Furthermore, zircon analyzed from the ILG in this study only record crystal-plastic microstructures, which, in some cases, may be used to determine an impact age from a discordia trend (e.g. Moser et al. 2009 Moser et al. , 2011 but in others may not (e.g. Schmieder et al. 2015; Cavosie et al. 2015a ). As there is evidence of annealing of shock features in zircon, a discordia trend between the crystallization age of the zircon and the impact event at 2020 Ma may be obscured by subsequent Pb-loss, while the neoblastic monazite preserves the 207 Pb/ 206 Pb age of the impact event. Furthermore, monazite maintains a crystalline state and is not susceptible to metamictization (Meldrum et al. 1998; Seydoux-Guillaume et al. 2004) . Therefore, while metamict softening of the zircon crystal lattice may inhibit the formation of shock features such as twins or reidite (Lang et al. 2008; Erickson et al. 2017; Timms et al. in press) , monazite can unambiguously record the shock conditions, especially as a wide range of shock twins form in monazite, possibly due to varying conditions (Erickson et al. 2016a ). These results show that monazite is subject to dynamic recrystallization at lower shock conditions than crystalline (i.e., non-metamict) zircon, and can, therefore, be used to date impact structures when other geochronometers may not record the impact age.
Conclusions
This study shows that monazite grains can record both diagnostic shock features and form neoblasts by dynamic recrystallization over a range of impact conditions. Shock microstructures within monazite, documented herein, include deformation twins and PDBs. Deformation twins were found as compound and/or type one twins in (001), (100), 101 , {110}, {212}, and as type two (irrational) twin planes with rational shear directions (η1) in [011] and [110] .Also, during the post-shock thermal pulse, neoblastic monazite may nucleate within the strained parent lattice and consume the strained lattice by grain boundary migration. Associated pressures have been constrained by microstructural analyses of zircon from the same samples. Shock twins within the ILG zircon record minimum impact pressures of 20 GPa, while systematically misoriented neoblasts within Araguainha zircon require minimum pressures of 30 GPa or higher.
In situ U-Th-Pb SIMS analyses of strained domains record discordant age arrays which may allow resolution of impact age, depending on subsequent geologic history of the structure. Analysis of monazite neoblasts from the ILG by SIMS yield a 207 Pb/ 206 Pb age of 2010 ± 15 Ma, consistent with the accepted 2020 Ma age of the Vredefort impact. Likewise, analysis of monazite neoblasts from the AIM yield a concordia age of 259 ± 5 Ma, which we interpret as the date of the Araguainha shock event. Because impact events are challenging to date (Jourdan et al. 2009 ), these results represent a significant advance in resolving impact ages. For example, of the 27 Precambrian impact structures (Earth Impact Database 2011), only four have precise ages (Jourdan et al. 2009 ). This study shows that coupling EBSD analyses of monazite microstructures with targeted high-resolution U-Th-Pb analyses either by SIMS or LA-ICPMS, offers another method to date impact structures, including Precambrian (e.g. Vredefort) and Phanerozoic (e.g. Araguainha) impact structures, even those that have experienced subsequent tectonic deformation.
